Oligonucleotide probes, designed from genes coding for 16S rRNA, were developed to differentiate Methanosaeta concilii, Methanosarcina barkeri, and mesophilic methanogens. All M. concilii oligonucleotide probes (designated MS1, MS2, and MS5) hybridized specifically with the target DNA, but MS5 was the most specific M. concilii oligonucleotide probe. Methanosarcina barkeri oligonucleotide probes (designated MB1, MB3, and MB4) hybridized with different Methanosarcina species. The MB4 probe specifically detected Methanosarcina barkeri, and the MB3 probe detected the presence of all mesophilic Methanosarcina species. These new oligonucleotide probes facilitated the identification, localization, and quantification of the specific relative abundance of M. concilii and Methanosarcina barkeri, which play important roles in methanogenesis. The combined use of fluorescent in situ hybridization with confocal scanning laser microscopy demonstrated that anaerobic granule topography depends on granule origin and feeding. Protein-fed granules showed no layered structure with a random distribution of M. concilii. In contrast, a layered structure developed in methanolenriched granules, where M. barkeri growth was induced in an outer layer. This outer layer was followed by a layer composed of M. concilii, with an inner core of M. concilii and other bacteria.
Anaerobic bioreactors are used to treat various organic wastes, which are ultimately converted into methane. It is generally accepted that two-thirds or more of the methane produced in an anaerobic bioreactor is derived from acetate (47) . Of the many methanogenic genera, only two, Methanosaeta and Methanosarcina, are known to grow by an acetoclastic reaction, producing methane from acetate (47) . Methanosaeta concilii is solely an acetoclastic bacterium and is the only mesophilic species of its genus, other species being thermophiles (43) . Methanosarcina barkeri is metabolically the most versatile of all the mesophilic methanogenic bacteria isolated in pure culture, since it can form methane from H 2 and CO 2 (hydrogenotroph), from methanol and methylamines (methylotroph), and from acetate (acetoclast) (24, 47) .
Upflow anaerobic sludge blanket (UASB) bioreactors are the most commonly used systems for wastewater anaerobic treatment. The retention of large amounts of biomass in a UASB bioreactor is due to the ability of bacterial cells to aggregate and form a granular structure which can settle and accumulate in the reactor (29) . The ultrastructure of granular sludge was initially characterized by using light microscopy and scanning and transmission electron microscopy (10, 15, 23, 29, 37) . Guiot and coworkers (16, 29) presented a layered conceptual model for glucose-fed granules in which Methanosaeta formed the internal core, which was surrounded by a second layer of acetogenic and hydrogenotrophic bacteria, with a peripheral layer composed predominantly of acidogenic, sulfatereducing, and hydrogenotrophic bacteria. The layered structure of UASB granules was also observed with other substrates, such as sucrose, brewery and potato wastes, wheatstarch, and papermill wastewaters (10, 20, 37) . On the other hand, no layered granular structure was observed in UASB reactors treating propionate, ethanol, glutamate, sugar refinery wastewaters, and methanol waste (7, 10) . Granules at 15 and 25°C exhibited a uniform structure and were colonized predominantly by Methanosaeta-like organisms, while granules at 5°C showed a layered structure (5) . These studies indicate that the bacterial composition and ultrastructure of granular sludge seem to be dependent on growth substrate and temperature (5, 40) .
Oligonucleotide probes designed from 16S ribosomal DNAs (rDNAs) have been developed to identify microorganisms present in anaerobic bioreactors (15, 18, 22, 28, 42, 44, 46) . Antibody probes have also been developed to characterize the topography of anaerobic granular consortia (15, 18, 22, 28, 44, 46) . Recently, the fluorescent in situ hybridization (FISH) technique combined with confocal scanning laser microscopy (CSLM) has been used to analyze the spatial distribution of specifically labeled target cells present in different types of wastewater processes (2, 3, 31) , but few studies have examined the relative distributions and quantifications of methanogenic populations.
The objectives of the present study were (i) to develop and validate 16S rDNA oligonucleotide probes to differentiate M. concilii and Methanosarcina barkeri at the species level and mesophilic methanogens at the group level and (ii) to use FISH coupled with CSLM to determine quantitative profiles of both bacteria in two types of anaerobic granular consortia.
MATERIALS AND METHODS
Bacterial strains and growth conditions. M. concilii GP6, Methanosarcina barkeri Fusaro, and Methanosarcina mazei were supplied by Gerish Patel (Na-tional Research Council Canada, Ottawa, Ontario, Canada). Methanospirillum hungatei and Syntrophomonas wolfei strains were supplied by Michael McInerney (University of Oklahoma, Norman). Pure bacterial strains were grown anaerobically at 35°C in serum bottles. The sources (33, 35) , culture media (4, 33, 35) , and trophic levels (13, 14, 41, 43) of bacteria used in this study are listed in Table  1 .
Anaerobic granule enrichment conditions. The anaerobic granules used in this study were obtained from an industrial UASB bioreactor (Champlain Industries, Cornwall, Ontario, Canada) that treats food production wastewater rich in proteins and from lab-scale UASB enrichment processes (9) . Three types of enriched anaerobic granular consortia were examined in the slot blot analysis: (i) Methanosaeta-enriched consortia, (ii) Methanosarcina-enriched consortia, and (iii) syntroph-enriched consortia. Details of the enrichment procedure were described previously (9) .
DNA extraction from pure bacterial cultures and from anaerobic granules. Several DNA extraction methods were examined (6, 32, 34, 36, 39) . A modified version of the Johnson technique (21) resulted in the highest quantity and quality of DNA (data not shown). An overnight incubation at 37°C after addition of 10 to 30 mg of dry lysozyme (Sigma, St. Louis, Mo.) was required to initiate lysis of pure cultures. Anaerobic granular consortia were homogenized aseptically with a cell homogenizer (Kinematica PT10-35; Brinkmann Instruments, Westbury, N.Y.). Lysis of more resilient anaerobic granular consortia was initiated by freezing cells in a dry ice-ethanol bath for 10 min and thawing in a water bath at 70°C for 15 min. A five-cycle freeze-thaw procedure of anaerobic granules was performed prior to lysozyme addition. Lysis was completed as described by Johnson (21) , proteins were precipitated (39) , and the DNA was dissolved in RNase-containing Tris-EDTA (TE) buffer and stored at Ϫ20°C until slot blots were performed.
Design and synthesis of the oligonucleotide probes. The nucleotide sequences of 16S rDNAs from methanogenic bacteria were retrieved from GenBank (National Center for Biotechnology Information, Bethesda, Md.). Oligonucleotide probes of 15 to 22 bases in length (Table 2) were designed with the Gene Works program (IntelliGenetics Inc., Mountain View, Calif.). All oligonucleotides were synthesized on a Biosearch 8750 DNA synthesizer (Biosystems, Cambridge, Mass.) (8) . The oligonucleotides were purified with SepPak cartridges (Waters, Milford, Mass.), as described by the manufacturer.
Slot blot analysis. The specificities of the oligonucleotide probes were examined by slot blot analysis by a modified method of Raskin et al. (38) . Extracted DNA was denatured by boiling it in TE buffer (pH 8.0) for 8 min, instead of by glutaraldehyde denaturation as previously suggested (38) . Boiling DNA in TE buffer gave the best 32 P-signals and was the most effective DNA denaturation method, compared to incubation in 2% glutaraldehyde at room temperature for 10 minutes (38) and to boiling in a 1.6 M NaOH-40 mM EDTA solution for 10 min (data not shown). Extracted DNA was filtered on Zeta Probe nylon membranes (Bio-Rad Laboratories, Hercules, Calif.) with a Minifold II Slot Blot system (Schleicher & Schuell, Keene, N.H.). Slot blots were cross-linked twice with a UV Stratalinker 1800 (Stratagene, La Jolla, Calif.). Membranes were air dried and stored at Ϫ20°C. Purified oligonucleotide probes (8 pmol) were 5Ј end labeled with a solution containing 5 l of [␥-32 P]ATP (4,500 Ci/mmol; NEN Research Products, Dupont Inc., Markham, Ontario, Canada), 6 .67 U of T4 DNA kinase (New England Biolabs, Beverly, Mass.), and 2 l of 10ϫ kinase buffer (New England Biolabs) and brought to a volume of 20 l with sterile deionized H 2 O. The labeling reaction was performed at 37°C for 2 h. Slot blots were prehybridized at 40°C for 2 h in 40 ml of Zeta Probe hybridization solution to which 5% dextran sulfate had been added and hybridized overnight at 40°C with the 32 P-labeled oligonucleotide. Hybridized membranes were rinsed twice in Zeta Probe wash 1 at 40°C for 60 min, and final wash conditions in Zeta Probe wash 2 were optimized for each oligonucleotide (Table 3) . Probed membranes were exposed to X-ray films (Kodak X-Omat AR and BioMax MR; Eastman Kodak Co., Rochester, N.Y.) at Ϫ80°C for 7 to 14 days.
In situ hybridization of anaerobic granular consortia with fluorescence-labeled probes. Fresh and frozen granules (2 ml) from the inoculum and from Methanosarcina-enriched consortia were gently washed twice with 5 ml of phosphate-buffered saline (PBS). Granules were fixed overnight at 4°C in fresh 4% paraformaldehyde-PBS (5 ml) and washed twice with PBS (17) . Fixed granules were dehydrated at room temperature in increasing concentrations of ethanol (50, 70, 95, and 100%), in pure xylenes, and then in an equal amount of xylenes in Paraplast wax overnight (19) . Granules were embedded in Paraplast wax at 60°C for 3 h (19). Paraplast blocks were cut at room temperature with a Histostat rotary microtome (model 820; Reichert/Jung, Buffalo, N.Y.) into 8-m-thick sections. The microtome sections were transferred onto poly-L-lysine-coated microscope slides (Polysciences, Warrington, Pa.), subbed with 1% gelatin, dried overnight at 42°C, deparaffinated, and air dried (19) .
In situ hybridization was performed with (i) the complementary sequences of MB4 that had been 5Ј end labeled with FAM-N-hydroxysuccinimide (NHS; a succinimidyl ester of carboxyfluorescein) or with Cy5 (indodicarbocyanine), synthesized by Medicorps (Montreal, Quebec, Canada), and with (ii) MS5 that had been 5Ј end labeled with TAMRA NHS (tetramethyl rhodamine carboxylic acid), synthesized by University Core DNA Services (Calgary, Alberta, Canada). Purification of the probes was performed by high-performance liquid chromatography. A volume of 10 l of hybridization solution (35% deionized formamide, 0.9 M NaCl, 20 mM Tris-HCl [pH 7.2], 0.01% sodium dodecyl sulfate, 25 ng of each fluorescence-labeled probe) was added to each granule section, and the mixture was incubated at 46°C for 2 h (30). Sections were rinsed with washing buffer (20 mM Tris, 0.01% sodium dodecyl sulfate, 40 mM NaCl, 5 mM EDTA) Confocal laser microscopy and staining. A Bio-Rad MRC 1000 CSLM with a krypton-argon laser system mounted on a Nikon Microphot-SA microscope was used to image thin sections of the anaerobic inoculum (for treating protein-rich wastewater) and Methanosarcina-enriched granular consortia. The microscope was equipped with a variety of objective lenses. The CSLM was operated as described previously (25, 27) to collect single and serial thin sections in the xy plane.
Sections were imaged at two scales of observation: (i) at low resolution with a 10ϫ 0.18-numerical-aperture lens objective in combination with a laser intensity of 100%, pinhole setting of 7.0, and gain of 1,500, with sections being collected through Kalman filtration, and (ii) at higher resolution with a 60ϫ 1.4-numericalaperture oil immersion lens objective (Nikon Corporation, Chiyoda-ku, Tokyo, Japan), laser intensity of 10 to 30%, pinhole of 1.2, and gain of 1,100, with Kalman filtration. The 10ϫ lens provided a full scan of the entire hybridized granule section, whereas the 60ϫ lens allowed detailed examination of granules along transects across the sectioned granule material. Images were collected by two-and three-channel imaging procedures, where carboxyfluorescein (FAM NHS [green])-labeled probes were visualized by excitation at 488 nm and emission at 522/32, tetramethyl rhodamine (TAMRA NHS [red])-labeled probes were visualized by excitation at 568 nm and emission at 605/32, and Cy5 (far red)-labeled probes were visualized by excitation at 647 nm and emission at 680/32 (26) . Sections were also scanned for autofluorescence signals at the same wavelengths. After completion of observations, hybridized sections were perfused with the general nucleic acid stain Syto 9 (Molecular Probes) and the same microscope locations were reexamined at 10ϫ and 60ϫ lens objectives to obtain information on the total numbers of bacterial cells.
Image analysis and processing. Digital image analysis of the CSLM thin sections in each of the channels was used to determine the bacterial cell area (biomass) binding each of the rRNA probes and Syto 9. The software package NIH Image, version 1.61, was used for all analyses. CSLM images were thresholded to form a binary (black-and-white) image, with the object, i.e., the bacterial cell, being defined prior to measurement of the object area. Details of discrimination, object recognition, and measurement may be found in the work of Lawrence et al. (25, 27) . Results of object area analyses for an image series were then plotted versus granule location, and ratios of cell area bound by each probe were calculated to assess treatment effects. Digital images obtained by CSLM were also used to construct two-and three-color digital images of the stained granule sections with the software NIH Image and Adobe Photoshop. The colors green, red, and blue were assigned to the green-, red-, and far-red-wavelength images, respectively.
RESULTS AND DISCUSSION
Optimization of slot blotting conditions. The slot blotting conditions published by Raskin et al. (38) were modified by using Zeta Probe hybridization solutions and by optimizing the final wash conditions. Efficiencies of the hybridization solutions with and without poly(A) from the Raskin et al. protocol (38) were compared with those of the Zeta Probe hybridization solutions. The Zeta Probe solutions gave stronger hybridization signals (results not shown) and were therefore used for all subsequent hybridizations. Final wash conditions such as temperature, duration, and frequency of washes were optimized for each oligonucleotide probe (Table 3) . Additional washes, compared to the number recommended by Raskin et al. (38) , were required for MX825 and MS821 to increase specificity, probably because different hybridization conditions were used.
Specificities of the designed oligonucleotide probes. The designed oligonucleotide probes were aligned with DNA sequences available in GenBank with the BLAST program (1) to assess their theoretical specificities and to compare their specificities to those of the MX825 and MS821 probes designed by Raskin et al. (38) . All Methanosaeta-specific oligonucleotide probes (MS1, MS2, MS5, and MX825) had 100% homology to M. concilii and Methanothrix soehngenii 16S ribosomal gene sequences, which indicates that these probes may show equivalent specificities ( Table 2 ). The Methanosarcina-specific oligonucleotide probe MB4 was 100% homologous to Methanosarcina barkeri and Methanosarcina thermophila only, which indicates that this probe may be specific to Methanosarcina barkeri found in mesophilic granules. The other Methanosarcina-specific oligonucleotide probes (MB1, MB3, and MS821) had 100% homology to other Methanosarcina spp., and MS821 had 100% homology to two non-Methanosarcina species. The mesophilic methanogen oligonucleotide probe (MG3) had 100% homology to all methanogen 16S rDNA sequences but was also homologous to other species that are not normally found in anaerobic digesters ( Table 2) .
The specificities of the oligonucleotide probes were assessed by slot blot analysis, with pure bacterial strains being used as positive controls ( Table 2 ). The chosen bacteria are normally found in anaerobic mesophilic fermentors that treat industrial and municipal sludge ( Table 1 ). The three M. concilii-specific oligonucleotide probes (MS1, MS2, and MS5), designed in this study, hybridized only with their corresponding positive control (Fig. 1) (43) . The MB3 probe can be used to detect the presence of all Methanosarcina species in anaerobic mesophilic granular consortia. The MG3 mesophilic methanogen-specific oligonucleotide probe hybridized with all positive controls but not with the negative controls Syntrophomonas wolfei, Clostridium aceticum, and Clostridium populeti (Fig. 1) . Therefore, MG3 can be used to detect mesophilic methanogens normally found in anaerobic digesters that treat industrial and municipal sludge.
Slot blotting of DNAs extracted from anaerobic granules. Slot blots with the oligonucleotide probes were performed with total-community DNAs extracted from three types of anaerobic granular consortia: (i) Methanosaeta-enriched consortia, (ii) Methanosarcina-enriched consortia, and (iii) syntroph-enriched consortia (Fig. 1) . M. concilii and Methanosarcina barkeri were present in all three types of granules, as detected by hybridization with all the designed oligonucleotide probes. The presence of bacteria of Methanosaeta spp. was expected in the Methanosaeta-and syntroph-enriched granules but unanticipated in the Methanosarcina-enriched granules. This result may suggest that although enrichment of Methanosarcina took place in the Methanosarcina-enriched granules, M. concilii continued to be present in the consortium. Similarly, the detection of Methanosarcina barkeri in Methanosaeta-enriched granules was not expected, although Methanosarcina barkeri was relatively less abundant in these granules.
FISH and CSLM. In order to avoid autofluorescence from Methanosarcina barkeri in the green wavelength (17, 42) , the MB4 probe was labeled with the Cy5 (far red) fluorochrome. The MS5 probe, specific to M. concilii, was labeled with the TAMRA NHS (red) fluorochrome. Syto 9 (green) staining was used to obtain information on the total number of bacterial cells. The colors of the digital images obtained by CSLM were blue for MB4, red for MS5, and green for Syto 9, colors assigned to differentiate between Methanosarcina barkeri, M. concilii, and the rest of the bacterial population, respectively.
The MB4 and MS5 fluorescent probes were evaluated with two types of granules: one obtained from a protein-rich wastewater treatment plant and the other obtained from a methanol-enriched consortium. CSLM observations demonstrated how the granule structures may differ, depending on origin and feeding. In the protein-fed granule, no layered structure was observed, the granules were composed mainly of M. concilii distributed randomly throughout the granule ( Fig. 2A) Table 1 ; row 18, Methanosaeta-enriched consortium; row 19, Methanosarcina-enriched consortium; row 20, syntrophic-methanation consortium. For pure bacterial cultures, the DNA concentrations were 1,000 ng in column A, 250 ng in column B, and 50 ng in column C. For anaerobic enriched consortia hybridized with Methanosaeta oligonucleotide probes, the DNA concentrations were 2,500 ng in column A, 500 ng in column B, and 100 ng in column C. For anaerobic enriched consortia hybridized with Methanosarcina oligonucleotide probes, the DNA concentrations were 25,000 ng in column A, 5,000 ng in column B, and 1,000 ng in column C.
Methanosarcina barkeri was essentially absent (Fig. 2C) . The methanol enrichment induced the growth of Methanosarcina barkeri (Fig. 2B) , and a layered structure developed during the enrichment process, where Methanosarcina barkeri was present in a second layer, just below the granule surface. The second layer was followed by an inner layer of M. concilii closely associated with Methanosarcina barkeri (Fig. 2B and D) , and the centers of the enriched granules were sparsely colonized by the rest of the bacterial population, as demonstrated by Syto 9 staining.
Relative quantification and localization of the two targeted bacteria. Transects across the granule centers showed that Methanosarcina barkeri was not detected in the protein-rich wastewater-fed granules and that M. concilii was randomly distributed throughout the granules (Fig. 3A and B) . In the methanol-enriched granules, both Methanosarcina barkeri and M. concilii were detected in the outer layers ( Fig. 3C and D) . Moreover, the surface area occupied by both of these targeted bacteria was shown to have increased, in comparison to the total cell area, a result of the enrichment of the granular sludge with methanol. By combining transects across the granule centers with the cell area graphs, it was possible to observe and quantify the relative levels of abundance of both targeted bacteria.
Comprehensive comparison of the observed granules topography. Results of the present study show that the bacterial organization of UASB granular consortia was dependent on the growth substrate. Anaerobic degradation is a multistep process involving hydrolysis, acidogenic fermentation, acetogenesis, and methanogenesis. Carbohydrates, for which the initial step of degradation is notably faster than subsequent steps, produce granules with a layered structure, as has been observed in UASB granules fed with a variety of carbohydrate wastes (10, 20, 29, 37) . In protein-rich effluents, proteolysis and acetogenesis from amino acids are the limiting steps in the overall degradation process. When acid formation is the ratecontrolling step, low and homogeneous concentrations of acetate throughout the granule are the result. Slow-growing Methanosaeta usually has a competitive advantage over Methanosarcina at low concentrations of acetate (45, 47) . These conditions explain why, for granules grown on protein-rich wastewater, no layered structure was demonstrated and M. concilii was distributed randomly throughout the granule while Methanosarcina populations were practically absent. This explanation is in agreement with previous scanning electron microscopic observations where a uniform microstructure developed in glutamate-degrading granular consortia (10), in protein-and peptone-degrading granules (11) , and in propionate-degrading granules (11, 15) .
Granules that convert single substrates, such as formate and acetate, directly into methane appear to produce uniform microstructures, with one methanogen species predominating (11) . However, in this study, a layered structure was formed in the anaerobic granules enriched with methanol. Bacteria other than Methanosarcina and Methanosaeta occupied the outermost layer, Methanosarcina barkeri was present in the underlying layer, followed by a layer of M. concilii and an inner core composed of M. concilii and other bacteria. Since methanol is both a methanogenic and an acetogenic substrate, bacteria found in the outermost layer were probably methanol consumers other than Methanosarcina, such as homoacetogens. Homoacetogens are known to out-compete methanogens when methanol and cobalt concentrations are relatively high (over 2 g/liter and 0.05 mg/liter, respectively) and inorganic carbon is readily available (9, 12) , conditions that were used in this study to produce the methanol-enriched granules. Since methanol is usually degraded rapidly, a decreasing methanol concentration gradient is likely to occur due to diffusional limitations. This methanol gradient probably created a niche more favorable to Methanosarcina than to the homoacetogens in the underlying layer. Finally, the acetate produced from the conversion of methanol by the homoacetogens diffused along a decreasing gradient, explaining why the obligate acetoclastic M. concilii was also present in significant numbers on the inside of the Methanosarcina barkeri layer and randomly distributed in the core of the granule.
In conclusion, 16S rDNA oligonucleotide probes were developed to differentiate M. concilii, Methanosarcina barkeri, and mesophilic methanogens present in anaerobic mesophilic fermentors. The specificities of the MS5 and MB4 oligonucleotide probes, targeting the 16S rRNA sequences of M. concilii and Methanosarcina barkeri, respectively, were demonstrated by slot blot analysis with DNAs extracted from pure bacterial cultures and from anaerobic granular consortia. The MB3 Methanosarcina-specific oligonucleotide probe detected all tested mesophilic Methanosarcina species. The MG3 oligonucleotide probe detected all tested mesophilic methanogens normally found in anaerobic digesters. FISH with the speciesspecific probes MS5 and MB4 combined with CSLM was used to identify and quantify the specific relative abundance of M. concilii and Methanosarcina barkeri in two different types of granules. The present study is the first attempt to simultaneously visualize the spatial distribution and quantify the relative abundance of these two important methanogenic bacteria, at the species level, in anaerobic granules. This novel approach may be an extremely versatile method to monitor population dynamics in UASB processes.
